Introduction
Prediction of protein-ligand interaction is essential for many areas of basic and applied research when there is no experimentally determined structure of the complex. In this study we extend our approach to protein-protein interaction prediction based on the principle of concurrently employing several docking servers by developing the QASDOM meta-server (Quality ASsessment of DOcking Models) for scoring a dataset of docking models created using a range of servers and user-specific techniques, and selecting the most representative models in this dataset.
In developing the QASDOM server we aimed to identify the model that is characterised by the array of contacts with the highest occurrence frequency in a dataset of models submitted by the user, i.e. is closest to the idealised consensus model for this dataset. Scoring is performed on the models level and the models are ranked by comparing them with the consensus model. We also aimed to provide the visual output that shows contacts mapped to protein sequence and structure, with 3D structures of the clusters formed by docking models displayed in the interactive viewer.
A. Ranking scores
We define that an intermolecular atomic contact occurs when the distance between two atoms is less then the cut-off value. By default the value is 4.5 Å. Plausible values range from 4 to 6 Å. A residue contact is established when at least one atom in the residue forms atomic contact.
If the dataset consists of M models, where m is an individual model number, and further if L is the length of the amino acid sequence in the models where l is the number of a residue (sequence position) in this sequence, then the number of atomic contacts of the amino acid residue l in the model m is AC ml . Formally, residue contact of the amino acid residue l in the model m is determined by the following condition 1, AC >0 0, AC =0
The number of residue contacts for the amino acid l in all models in the dataset is defined as
The value of aa l RC is calculated as a number of models in which the amino acid residue l participates in an interaction. Accordingly, the number of residue contacts (amino acid residues participating in interactions) in the model m is 
RC
The total number of receptor-ligand amino acid residue interactions in the dataset of models is
We introduce a score for each model m, which reflects the degree of representativeness of this model for the overall dataset of models. We assign to each amino acid residue l involved in interaction in the model m, the number of models in which the amino acid residue l participates in the interaction. These values are summed up along the entire sequence L and normalised by the total number of amino acid residues interacting with the ligand in the entire dataset of models
In terms of residue contacts, S m score reflects the degree of representativeness of the interacting residues of the model m in this dataset of models, i.e. similarity of the model m to a consensus model built for this dataset of models.
Figure 1 schematically explains the algorithm for calculating the S m score. For the model m a stencil-plate is applied where only amino acid residues participating in interactions in this model are visible on the total graph of contacts of amino acids in all models in the dataset. S m score reflects the sum of the selected columns in Table 1 for model m with subsequent normalisation by the total sum of all columns. S m values can range from 1/C total in the case where there is only one interacting amino acid in the model that is not observed in other models, up to 1 when all models in that dataset are identical and form identical interactions. If there are no contacts between amino acid residues of the receptor and ligand in the model m, S m for the model is assumed to be zero and the model m does not participate in calculating the scores for other models.
We analyse here a number of examples showing various cases of calculating the S m score. In the first example there is only one docking model in the dataset, M=1. Then 1 aa l RC = for all l where C ml ≠ 0, and
since there is only one model and the number of contacts in this model is equal to the sum of all contacts in the models dataset.
In another example a dataset consists of M identical models (with identical intermolecular contacts).
for all l where C ml ≠ 0, and
for all m, since all models are identical with the same number of contacts in each model.
In the case when there is no common interacting residues in the dataset of models, 1 aa l RC = for all l with C ml ≠ 0, and
Further, there is an example showing the case where there are two disjoint clusters. Each cluster contains the same number of models, K and within the cluster models are identical. Then for each
and therefore S m will be higher for models of the cluster where models have more contacts.
In addition to the score S m (1) we introduce a similar score S m atomic , based on the number of atomic contacts AC ml of amino acid residues in the model m
This score can have values above 1 for the models where the number of atomic contacts is higher than the mean for the dataset, and the sets of interacting residues are close to the consensus model. The S m atomic score can be either used independently when ranging on the atomic contacts is preferable, or to fine-tune the S m score. I.e. in the case of equal S m score values one can use the S m atomic score to refine ranking and choose the model with a higher S m atomic value. The S m atomic score provides possibilities for a more detailed comparison of models.
In the following example the models are identical, with the same atomic interactions observed in the same amino acid residues. Then for the dataset of M identical models
for all models. If one atomic contact is added to the model n from the M dataset while the number of amino acid residue contacts remains the same, the S m atomic for model n will be
And for the identical models m=1,…, M, m≠n
One can see that the S m atomic score is lower for all identical models compared to the increased score for the model n with one additional atomic contact.
B. Clustering procedure
The server automatically annotates two types of clusters, linear and structural.
Linear clusters are annotated in the sequences as consecutive groups of residues, using residue and atomic contacts. A cluster is formed (1) by the amino acids that participate in contacts with frequency above the median value for the relevant contacts in the dataset; (2) there can be no more then three consecutive gaps formed by residues within the cluster where frequency is below the median.
Structural cluster includes docking models with close interaction patterns that are defined by a distance matrix constructed for all models using residue interactions of each model. Elements of the matrix DM ij are calculated as symmetric difference or disjunctive union of interacting residues in the models i and j. 
С. Server usage
Input. The user uploads the receptor and ligand structures that have been used for docking, and the docking results in the corresponding fields (Figure 2 ). User can specify the names for the receptor and ligand, but can also leave these fields blank. Cut-off distance for interatomic contacts, which define a contact in QASDOM can be changed, by default this value is 4.5 A.
Current version of QASDOM accepts as input without preprocessing, docking results generated by Hex (Macindoe et al., 2010) , SwarmDock (Torchala et al., 2013) , ClusPro (Comeau et al., 2004) , Gramm-X (Tovchigrechko and Vakser, 2006) , Zdock (Pierce et al., 2014) . Generally, any models of complexes that adhere to the PDB format, archived with zip, tar, tar.gz or without archiving are also accepted. Molecules of receptor and ligand with various chemical structures can be present, including proteins and nucleic acids. Chemical modifications are also allowed. The Test set menu option (Figure 2 ) runs the test dataset which includes files with docking models generated by the five docking servers listed above, and produces output as shown in Figure 3 . The Download menu option (Figure 2) opens the page where test data for all QASDOM input modes is available, together with the instructions on how to use it. A server run with the test dataset will produce the same output as when the Test set menu option is used. Running the server with subsets of the test data will allow a detailed comparison of QASDOM test outputs.
Output. The main results page (Figure 3 ) displays the models ranking table that includes S m and S m atomic scores, and the numbers of residue contacts (RC) and atomic contacts (RC Atomic) for each model. The table also shows the structural cluster number and ID for each model. On the right, a 3D visualisation window displays all models of the uploaded dataset, with ligands coloured according to their structural clusters, which can be identified by their chain ID. 
D. Server application
The approach to interaction modelling implemented in QASDOM and the server were developed and applied in the course of our work on several projects that involved docking; the published studies include (Hunegnaw et al., 2016) , (Adzhubei et al., 2016) and (Petrushanko et al., 2016) .
Important results were obtained in the project that involved Nef-calnexin interaction modelling (Hunegnaw et al., 2016) . In this study we showed experimentally that interaction of HIV-1 protein Nef with calnexin is direct, and modelled this interaction by docking, using four different docking servers: Cluspro, HEX, SwarmDock, and Zdock. Intermolecular interactions in the dataset of models were analysed with QASDOM. The results showed several distinct clusters of interactions, with sharp maxima for Lys7 and Arg in positions 8, 19, 22, 75, and 109 in the Nef sequence ( Figure  7 ). We identified a putative binding site formed by the Nef residues Lys7 and Arg8, which was subsequently confirmed by mutagenesis experiments. Further, a small molecule drug disrupting Nef-calnexin interaction was found by structure-based virtual screening targeting this binding site.
Preliminary global docking in modelling of the Abeta(1-42):Na,K-ATPase complex (Petrushanko et al., 2016) was also performed with several docking servers and the docking models data analysed by QASDOM. The project to study binding of Abeta(1-16) to a range of proteins where there was experimental evidence of interactions with Abeta, included multiple docking runs on four servers, Cluspro, HEX, SwarmDock, and Zdock. Abeta(1-16) was used as ligand, and as receptor, serum albumin, prion protein, beta-2-microglobulin, extracellular domains of neuronal nicotinic acetylcholine receptors ( (α7)5 and (α4)2(β2)3 ), prolow-density lipoprotein receptor-related protein 1 (LRP1) clusters II and IV, advanced glycosylation end-product specific receptor (RAGE) extracellular domain, N-formyl peptide receptor 2 (FPR2 or FPRL1) extracellular domain. These docking predictions generated substantial volume of data which would have been hard to analyse without QASDOM server. Results of this analysis were published in part in (Adzhubei et al., 2016) . (Hunegnaw et al., 2016) ).
QASDOM server has been used by us for scoring in CAPRI round 38 and we are planning an ongoing participation in the CAPRI experiment. We will also further benchmark the server using the CAPRI score set (Lensink and Wodak, 2014) , DOCKGROUND database (Liu et al., 2008) and data from other relevant resources such as the Protein-Protein Docking Benchmark (Hwang et al., 2010) .
E. Command-line QASDOM and Programming
QASDOM server is built around the command-line module qasdom that is programmed using C++ and is available for download at http://qasdom.eimb.ru, the Download section. The command-line version of QASDOM is UNIX compatible and will compile and run on any up-to-date Linux, MacOS X, FreeBSD and Solaris system. Statically linked versions for several OS are available for download. Versions compiled for other OS are available upon request. We are also planning to release the source code at sourceforge.net.
